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Abstract

In this study, gold (Au) and silver (Ag) nanoparticles were synthesized from an aqueous solution of catechin extract obtained
by sequential microwave extraction (MAE) and supercritical fluid extraction (SFE) for the first time at different temperatures
(25, 35, 45 °C) in accordance with the characteristics of green chemistry. For the synthesis of Ag and Au nanoparticles at
three different temperatures, 100 mL of an aqueous 1 mM AgNO; solution was added to different volumes (0.5-4 mL) of
catechin extract solutions. In the biosynthesis of Ag and Au nanoparticles, 1 mM AgNOj solution and 0.5 mM HAuCl,.3H,0
at 25 °C and 0.5 mL extract volume were determined as the best parameters. The crystalline structures of AgNP and AuNP
nanoparticles synthesized using catechin extract in accordance with green chemistry principles were confirmed by X-ray dif-
fraction (XRD) analysis. The average crystallite sizes were determined to be 18.82 nm for AgNPs and 14.31 nm for AuNPs.
Transmission electron microscopy (TEM) revealed size distributions of 19.50 +5.52 nm for AgNPs and 20.06 +5.38 nm
for AuNPs. Dynamic light scattering (DLS) analysis showed that the hydrodynamic diameters were 37.61 + 1.25 nm for
AgNPs and 37.9 +0.26 nm for AuNPs. The zeta potential values were measured as —20.4 mV for AgNPs and —22.6 mV for
AuNPs. The PDI (polydispersity index) values were found to be 0.271 4+ 0.006 for AgNPs and 0.295 +0.004 for AuNPs. The
effects of various concentrations of AgNPs and AuNPs on DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging activity
were determined. At a concentration of 0.91 mg/mL, AgNPs exhibited a high antioxidant activity of 89.24%, while AuNPs
showed 70.46% activity at 2.677 mg/mL. In comparison, the standard antioxidant Trolox demonstrated 91.19% inhibition at
a concentration of 0.012 mg/mL. The IC5, values of green-synthesized AgNPs, AuNPs, and standard Trolox were calculated
as 1.151, 1.485, and 0.006 mg/mL, respectively. The results obtained from this study indicate that biologically synthesized
AgNPs and AuNPs can be effectively used as potent antioxidants.
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Introduction

Nanotechnology is the design, development, and use of
components. Currently, the field of nanotechnology is mul-
tidisciplinary and includes elements of physics, chemistry,

< Goniil Serdar
gonulserdar @ktu.edu.tr

Department of Central Research Laboratory, Karadeniz
Technical University, 61080 Trabzon, Turkey

Department of Chemistry, Faculty of Science, Karadeniz
Technical University, 61080 Trabzon, Turkey

Vocational School of Health Services, Artvin Coruh
University, 08000 Artvin, Turkey

Published online: 19 June 2025

biology, and engineering [1, 2]. Inorganic and organic struc-
tures with sizes ranging from 1 to 100 nm are known as
nanoparticles (NPs), and they can be created using physi-
cal, chemical, and, more recently, green synthesis techniques
[3]. Scientists are interested in the potential biological and
food-related applications of nanoparticles because of their
size, distinctive structural shape, and optoelectronic and
chemical characteristics [4—7]. Several nanostructures have
been extensively researched for their potential use in can-
cer therapy and detection. These include carbon nanotubes,
polymeric nanoparticles, metallic nanoparticles, microbially
produced nanoparticles, liposomes, and magnetic nanopar-
ticles [8]. A wide range of biological and medical systems
can be altered by nanoscience in novel ways. According to
predictions, nanotechnology will significantly impact the
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future of biology and medicine [9]. Over the years, nanopar-
ticles have emerged as key components in modern medicine,
finding applications in diverse areas such as gene delivery
and medical imaging. Their nanoscale dimensions result
in a significantly increased surface area-to-volume ratio,
which enhances their functional efficiency. One of the major
advantages of nanoparticle technology lies in its ability to
reduce poorly soluble drug particles from the microscale to
the nanoscale, thereby improving their solubility and bio-
availability [9].

Green synthesis is regarded as a promising approach for
the production of nanoparticles, as it utilizes cost-effective
and non-toxic raw materials [10]. This method offers a sus-
tainable alternative due to its high therapeutic efficacy, low
toxicity, target-specific binding capacity, and site-directed
delivery potential. Furthermore, it poses no significant risk
to either the environment or human health, positioning it
as a safer and more environmentally friendly alternative to
conventional synthesis techniques [11, 12]. The main objec-
tive of green nanotechnology is to reduce the hazards that
nanotechnology-related products pose to the environment
and human health in the near future and to encourage the
replacement of current products with more ecologically
friendly nanoproducts [8]. Nanotechnology and green chem-
istry combine to produce eco-friendly nanoparticles by using
microorganisms, plants, and other natural processes to solve
the toxicity issue [13]. With the use of safe, non-toxic, and
environmentally sound “green chemistry” techniques, scien-
tists have produced a variety of synthetic approaches for the
production of nanoparticles, indicating a considerable ben-
efit to nature and the environment [14]. The use of natural
plants and microorganisms, such as bacteria, plants, yeasts,
fungus, algae, diatoms, and metallic NPs like gold, silver,
iron, and copper [15, 16], as well as their superior material
and adaptable functioning, is made possible by the green
synthesis approach. Due to their quick and cost-effective
synthesis, stability of NPs in spherical shape, and tiny size,
plant-derived metallic NPs are the favored synthesis method.
Several plant extracts have been utilized in the past to create
metallic nanoparticles, including seeds, fruit bark, seed pow-
der, bran, and leaves [17]. Plant extract therefore eliminates
many steps, lowers costs, and uses fewer chemical reagents
by substituting organic solvents and chemical compounds
in aqueous media [18]. According to reports, plants are far
more efficient at reducing metal ions than microorganisms
are at doing so, and they also produce more stable metal NPs
[19]. By adjusting variables like pH, temperature, and reac-
tion time, plants can modify and control the size and shape
of NPs they produce. Magnesium, copper, gold, zinc, silver,
and selenium are just a few examples of the different types
of nanomaterials [20]. The most discussed environmentally
friendly method to produce silver and gold nanoparticles
is the biological reduction process. Green chemistry is the
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process by which AgNPs and AuNPs are produced by bio-
logical reduction [21]. In recent years, the swift progress
of nanotechnology has ushered in a new era in materials
science, enabling wide-ranging applications in the physical
and chemical sciences, as well as in fields such as biology,
electronics, medicine, catalysis, optics, and bioengineering
[22, 23]. Among various noble metal nanoparticles, AgNPs
have attracted considerable attention due to their diverse
biomedical properties, including antioxidant, antibacte-
rial, anti-angiogenic, wound healing, anti-inflammatory,
and anticancer activities [22, 24]. Silver, in particular, has
gained recognition for its well-established medicinal ben-
efits [22, 25]. Currently, the green synthesis of AgNPs using
medicinal plant extracts is being increasingly explored for
its promising therapeutic potential [22, 26]. In the synthesis
of nanoparticles, functional groups from green resources,
such as hydroxyl groups, have reductive roles [27]. The plant
extract serves as a stabilizing, capping, or both agent as well
as a potent reducing agent in the one step and one-pot reac-
tion that produces AgNPs in the nanoparticle production
process [28]. Due to the electrical, optical, and magnetic
properties of AgNPs, they are employed in healthcare and
pharmaceuticals, particularly as a delivery system for drugs
that fight cancer. The fact that it is antibacterial is its most
significant benefit, particularly because it weakens bacterial
cell walls and inhibits bacterial cell growth. AgNPs are also
utilized in a variety of other goods and processes, includ-
ing composite fibers, superconducting materials, biosensor
materials, cosmetics, electronic components, and antibacte-
rial applications [29]. Most of the NPs made from extracts
of plants had spherical sizes from 5 to 100 nm, along with
antimicrobial and anticancer properties. Leaf extracts have
medicinal potential and antibacterial action because they
include natural reducing phenolic substances, amino acids
and vitamins [18]. Gold nanoparticles are gaining atten-
tion from researchers as potential cancer therapeutic and
diagnostic metal NPs. AuNPs can be readily produced in a
variety of shapes and sizes by adjusting the constituents and
concentrations [30-32]. Additionally, AuNPs have demon-
strated a notable improvement in the treatment of bacterial
infections and inflammatory illnesses [33, 34]. One of the
greatest options for the large-scale production of AuNPs
with well-defined size and morphology is the plant-based
green synthesis technology because of its reasonable cost
[35]. Au is thought to be an appropriate metal for the syn-
thesis of stable nanoparticles. It has been discovered that the
majority of the physical characteristics of inorganic nano-
particles depend on their size and form. The unique optical
and physical characteristics of AuNPs make them useful in
a variety of sectors [36].

Green synthesis, on the other hand, is an environmentally
beneficial method of producing AuNPs from the plant. A
variety of plant components, including leaves, bark, stems,



Plasmonics

roots, and others, are utilized as sources in the biosynthesis
of AuNPs from the plant. These parts are chopped into small
pieces and cooked in distilled water to produce an extract.
One can purify the extract by centrifuging and filtering it.
Metal ions are reduced from a mono- or divalent oxidation
state to a zero-valent state by the bioreduction mechanism.
Following that, the reduced metal atoms nucleate [37].
Finally, utilizing a one-pot, single-step, environmentally
benign process, the extract-containing metallic salt solution
is reduced from Au™to Au’, and the synthesis of AuNP can
happen in a matter of minutes to hours [24]. This morphol-
ogy is caused by variations in the composition and concen-
tration of reducing agents in plant extracts. Initial identi-
fication of synthesized AuNPs was made using a UV-vis
spectrophotometer study of the reaction color change. The
size, form, and distribution of the gold nanoparticles were
seen by TEM images, and their crystalline structure was
verified by DLS, XRD, and SAED. The capping ligands of
the nanoparticles are functional groups such as -C-O-C—,
—C-0-, -C =C—, and —-C =0, as demonstrated by FTIR
analysis [38]. The main objective of green nanotechnology
is to reduce the hazards that nanotechnology-related prod-
ucts pose to the environment and human health in the near
future and to encourage the replacement of current products
with more ecologically friendly nanoproducts. The green
synthesis of AuNPs can benefit several areas of science and
technology, including green separation, green photocata-
lyst, drug delivery, anti-microorganism, adsorbent, detec-
tor, and anti-microorganism [27]. Recent years have seen a
broad increase in the use of nanotechnology in a variety of
industries, including but not limited to medicine, cosmetics,
medical devices, electrical and electronic, pharmaceutical,
food, and packaging. Green produced AuNPs have been
demonstrated in preliminary experiments to have a variety
of biological properties, including antioxidant, antiviral,
antibacterial, and anticancer activities [8]. The three major
classes of biomolecules found in tea are catechins, phenolic
acids, and alkaloids. While each of these constituents has a
specific bioactivity, a combination of them often exhibits a
synergistic effect. It is important to note that the pharmaco-
logical effects of tea are caused by catechins and phenolic
acids [39]. For the natural production of nanoparticles, green
tea has been utilized [40, 41]. Green tea’s main constituents
are reducing and coating substances known as EGC, epigal-
locatechin-3-gallate (EGCG), EC, and epicatechin-3-gallate
(ECG) [42, 43] Recent research indicates that Bergal et al.
[3] tested the surface plasmon resonance with UV spec-
trophotometric investigations at various time intervals by
adjusting the concentration of reducing agent (1-5-10-20
mM) at varied concentrations using 5 g of fresh green tea
leaves. The other characterization investigations of AgNP
synthesis were carried out at room temperature because the
greatest SPR absorption peak at 413.67 nm was attained

there in an hour. AgNPs were discovered by TEM and SEM
research to have been synthesized in a variety of forms,
including spherical, hemispherical, and ellipsoidal [3]. The
highest rise in absorbance at 423 nm of silver nanoparticles
produced using 5 g Camellia sinensis and 1 mM AgNO,
was observed after 96 h, according to Flieger and colleagues
[44]. Also, they discovered that after 72 h, the nanoparticle
population became more scattered despite being more uni-
form at first.

In a previous study conducted in 2017, two distinct extrac-
tion strategies were developed for the recovery of bioactive
compounds from tea leaves [45]. In the first approach, green
tea extract was obtained by directly extracting the leaves into
a citric acid containing aqueous medium under microwave-
assisted conditions. In the second strategy, catechins were
isolated through a simple liquid—liquid extraction procedure.
The isolated catechins were subsequently employed in the
synthesis of AgNPs using a microwave-assisted method
[45]. In a subsequent study published in 2023, sequential
MAE and SFE techniques were applied to green tea sam-
ples collected from the Eastern Black Sea region [46]. The
resulting catechin-rich extracts were successfully utilized
for the green synthesis of AuNPs via microwave irradiation
[46]. The present study aims to further advance these find-
ings by synthesizing both Ag and Au nanoparticles under
varying temperature conditions (25 °C, 35 °C, and 45 °C),
using aqueous catechin extracts obtained through sequential
MAE and SFE from green tea leaves harvested from the
same (Eastern Black Sea) region. In alignment with green
chemistry principles, the synthesis process was intentionally
developed to minimize environmental impact. The result-
ing nanoparticles are comprehensively characterized using
TEM, XRD, FT IR, and zeta sizer analysis to elucidate their
morphological, structural, and surface properties.

Material and Methods
Preparation of Catechin Extract

Green tea samples were sourced from the Trabzon Prov-
ince, Tiirkiye, and subsequently dried at ambient tempera-
ture in a shaded environment to preserve their phytochemi-
cal integrity. For the extraction of catechins, a modified
microwave-assisted extraction protocol was employed
based on previously reported methodologies [47]. Spe-
cifically, 10 g of dried green tea leaves was immersed in
200 mL of a 1:1 (v/v) aqueous solution comprising 0.1 M
citric acid and distilled water. The mixture was initially
left to stand for 90 min to facilitate pre-extraction soaking,
followed by microwave treatment in a laboratory grade
microwave oven at 600 W power and 80 °C for 4 min [46].
The resulting extract was subjected to freeze-drying to
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ensure complete removal of solvents prior to the subse-
quent SFE step. Catechin-rich fractions were isolated via
a modified CO,-SFE process utilizing ethanol as a co-
solvent at a flow rate of 0.5 mL/min. The extraction was
conducted under pre-optimized conditions: 250 bar pres-
sure, 60 °C temperature, and a total extraction time of 3 h
[48]. The final catechin extract solution was prepared at a
concentration of 2% (w/v) and employed in nanoparticle
synthesis procedures.

Synthesis of AgNPs and AuNPs

AgNPs and AuNPs were successfully biosynthesized using
catechin extract derived from the SFE process, which served
simultaneously as a reducing and stabilizing agent. Aqueous
solutions of AgNO; (1 mM) and HAuCl,.3H,0 (0.5 mM)
were prepared in separate flasks. To these, varying volumes
(0.5, 1, 2, 3, and 4 mL) of the catechin extract solution (2%
w/v) were added individually to a fixed volume of 100 mL
of each precursor solution. The reaction mixtures were incu-
bated at three different temperatures (25, 35, and 45 °C)
for variable durations to determine the optimal synthesis
conditions. The synthesis of AgNPs was visually confirmed
by a color shift from light yellow to brown, whereas the
formation of AuNPs was indicated by the appearance of
a distinctive dark purple color emerging from the initially
light yellow solution. The time required for the emergence
of these colors and the stability of the colloidal dispersions
were systematically recorded. Each synthesis condition was
repeated three times to ensure reproducibility and statistical
relevance of the findings.

Characterization of AgNPs and AuNPs

The biosynthesized AgNPs and AuNPs were comprehen-
sively characterized using TEM, FTIR, UV-Vis, XRD,
and DLS analysis using a zeta-sizer. To confirm the for-
mation of AgNPs and AuNPs synthesized using catechin,
UV-Vis spectrophotometric analysis was performed (Shi-
madzu UVP-1240, Japan). The absorbance spectra were
measured within the wavelength range of 300-800 nm.
To ensure reproducibility, three independent biosynthesis
experiments were performed. The crystalline structure and
phase purity of the synthesized nanoparticles were analyzed
using an X-ray diffraction spectrometer (Panalytical X'Pert’
Powder XRD) equipped with monochromatic Cu Ko radia-
tion. Scanning was carried out over a 20 range of 10° to
90°. Functional groups involved in the reduction and sta-
bilization of nanoparticles were identified by FTIR spec-
troscopy (PerkinElmer Frontier) within the spectral range of
4000-500 cm™'. Morphological features and size distribu-
tion of AgNPs and AuNPs were further analyzed via high-
resolution transmission electron microscopy (TEM, Hitachi
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HT-7700) operated at an accelerating voltage of 40—120 kV.
A Malvern Zetasizer Nano ZSP Analyzer was employed to
determine the nanoparticles’ hydrodynamic diameter, PDI,
and zeta potential. Measurements were carried out within a
controlled temperature range of 0 °C to 90 °C with +0.1 °C
accuracy to assess colloidal stability.

Antioxidant Activity

The antioxidant potential of the biosynthesized AgNPs and
AuNPs was assessed using the 2,2-diphenyl-1-picrylhydra-
zyl (DPPH) radical scavenging assay, as described by Moly-
neux [49]. For the analysis, 0.75 mL of the nanoparticle
extract at varying concentrations was mixed with 0.75 mL
of a 0.1 mM DPPH solution prepared in methanol.

The reaction mixtures were incubated at room tempera-
ture in the dark for 50 min to allow for radical scavenging
activity. The decrease in absorbance, indicating the extent
of DPPH radical scavenging, was measured at 517 nm using
a UV-Vis spectrophotometer, with methanol serving as the
blank. All measurements were performed in triplicate to
ensure reproducibility. The antioxidant capacity of the sam-
ples was expressed in terms of IC5, defined as the concen-
tration of the extract required to inhibit 50% of the DPPH
radicals (mg/mL).

Results and Discussions
AgNP and AuNP Production with Catechin Extract

As illustrated in Fig. la, a well-defined SPR peak is
observed, corresponding to the successful synthesis of
catechin-AgNPs. In contrast, the control sample con-
taining only AgNOs, in the absence of any plant-derived
extract, exhibits no such optical feature. Similarly, Fig. 1b
demonstrates a characteristic SPR peak indicative of cat-
echin-AuNPs in the presence of catechin extract, whereas
no corresponding peak is observed in the control sample
consisting solely of HAuCl1,0.3H,0. These spectroscopic
observations provide compelling evidence that nano-
particle formation is exclusively driven by the reducing
potential of catechin molecules. To exclude the possi-
bility that nanoparticle formation resulted from abiotic
processes such as thermal decomposition or spontane-
ous reduction, control experiments were conducted using
AgNOs and HAuCl,e3H,0 solutions in the absence of
catechin extract, as shown in Fig. 1a and b. The absence
of any detectable SPR peaks in these control groups, as
evidenced by the spectral data in Fig. 1, strongly supports
the conclusion that nanoparticle synthesis in the experi-
mental groups is driven solely by the catechin-mediated
reduction mechanism.
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Depending on the amount and duration of exposure
to catechin extract solutions, the color of the solutions
changed from light yellow to brown for AgNPs (Fig. 2a)
[45, 50-53] and from light yellow to dark purple for AuNPs
(Fig. 5a) [54-57]. The excitation of Ag and Au nanoparti-
cles’ surface plasmon vibration is what causes the produc-
tion of Ag and Au nanoparticles as a color change. Differ-
ent volumes of 1 mM AgNO3 and 0.5 mM HAuCl4.3H20
solutions were mixed separately with 0.5 to 4 mL catechin
extract solutions in a magnetic stirrer at different tempera-
tures (25, 35, 45 °C). Then, absorbances were measured on
a UV spectrophotometer between 1 and 240 min for AgNPs
(Figs. 2, 3, and 4) and 1 to 60 min for AuNPs (Figs. 5, 6,
and 7). The effects of temperature and volume changes on
AgNP and AuNP synthesis were determined by observing
the SPR absorption peaks (Figs. 2, 3, 4, 5, 6, and 7). In
experiments performed at temperatures of 25, 35, and 45
°C for the synthesized silver and gold nanoparticles, nar-
row peaks with the highest absorption were obtained at 25
°C. Characteristic plasmon resonance peaks ranging from
400 to 460 nm for silver nanoparticles and 500 to 600 nm
for gold nanoparticles [46] were found by scanning the
samples from 300 to 800 nm (Shimadzu, Japan), and the
strength and length of the resulting peaks were correlated
with the particle size distribution.

In this study, a shift toward longer wavelengths in the
Amax values was observed with increasing temperature and
extract concentration. Furthermore, peak broadening was
found to be more pronounced at elevated temperatures (35
°C and 45 °C) and higher extract volumes (1-4 mL). These
findings reveal the critical impact of synthesis parameters on
the optical properties of AgNPs, emphasizing that tempera-
ture and reducing agent concentration must be precisely con-
trolled in order to obtain monodisperse nanoparticles with
narrow and well-defined SPR characteristics. The synthesis
of AuNPs using catechin extract exhibited a distinct SPR
band in the range of 500-600 nm. As the volume of catechin
extract increased from 0.5 to 4.0 mL, a significant increase
in SPR peak intensity was observed, accompanied by a shift

in the A_max value. The data clearly show that both tempera-
ture and catechin concentration have significant effects on
the optical properties and stability of the synthesized AgNPs
and AuNPs.

As shown in Figs. 2a and 5a, AgNPs and AuNPs were
successfully synthesized at 25 °C using 0.5 mL of cat-
echin extract in aqueous solutions of 1 mM AgNOs and
0.5 mM HAuCl,0.3H,0, yielding maximum absorbance
values of 2.066 and 1.454, respectively. These results indi-
cate that the optimal synthesis conditions for both nano-
particle types involved the use of 0.5 mL catechin extract
with 1 mM AgNOs for AgNPs and 0.5 mM HAuCl,e3H,0
for AuNPs. Given that the most intense and well-defined
SPR peaks were obtained at 25 °C under these conditions,
subsequent characterization studies were conducted using
the nanoparticles synthesized at this temperature. These
findings suggest that the synthesis occurring at 25 °C is
likely under kinetic control, which favors slower nuclea-
tion and growth rates, thereby promoting the formation
of smaller and more uniformly shaped nanoparticles. In
contrast, at higher temperatures (35 °C and 45 °C), the
tendency for particle growth and aggregation increases,
leading to broader SPR peaks and, consequently, greater
polydispersity—indicating heterogeneity in particle size
and morphology.

In our previous study, we also reported that bioactive
compounds with reducing properties exhibit optimal activ-
ity within certain concentration ranges; exceeding these
limits may reduce their effectiveness or result in adverse
effects such as nanoparticle instability and irregular mor-
phologies [45]. Therefore, the superior results obtained
under lower extract volumes and mild temperatures in this
study can be attributed to a more balanced and controlled
reduction environment. This finding highlights the impor-
tance of optimizing not only the type of reducing agent but
also its concentration and the thermal conditions in green
synthesis protocols. The synthesized AgNP and AuNP col-
loidal solutions were stored under refrigerated conditions,
and their UV—Vis absorption spectra were monitored over
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Fig.2 UV-vis spectra of Ag nanoparticles synthesized with 1 mM AgNO; and in different volumes of catechin extract at 25 °C (a 0.5 mL, b 1
mL,c2mL,d3 mL, e4mL)
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Fig.3 UV-vis spectra of Ag nanoparticles synthesized with 1 mM AgNO; and in different volumes of catechin extract at 35 °C (a 0.5 mL, b 1
mL,c2mL,d3 mL, e4mL)
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Fig.4 UV-vis spectra of Ag nanoparticles synthesized with 1 mM AgNO; and in different volumes of catechin extract at 45 °C (a 0.5 mL, b 1
mL,c2mL,d3 mL, e 4 mL)

@ Springer



Plasmonics

4.5
a
d 4
3.5
' 3
'2 w 25 1 min
o
< ) =10 Min.
15 e 20 MiN
1 .
=30 mMin.
300400500600 700800 0.5
0
Wavelenght {nm] 300400 500 600 700 800
Wavelenght (nm)
3.5
b
3 45
2.5 (Y 4
w 2 a1 min. 3.5
o]
< 15 =10 min. 3
) 4 25 e 1 miin.
1 e 20 MN. '2
05 _ 2 10 min.
. —30 min. 1.5 .
e )0 MiN.
0 1
300 400 500 600 700 800 05 e 30 N
Wavelenght (nm) 0
300 400 500 600 700 800
3 Wavelenght (nm)
C
2.5
2
_5; ] min.
1.5
< 10 min.
1
e 2 0 MiN.
0.5 e 30 MiN.

0
300 400 500 600 700 800

Wavelenght (nm)

Fig.5 UV-vis spectra of Au nanoparticles synthesized with 0.5 mM HAuCl,.3H,O and in different volumes of catechin extract at 25°C [a)0.5
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Fig.6 UV-vis spectra of Au nanoparticles synthesized with 0.5 mM HAuCl,.3H,0 and in different volumes of catechin extract at 35 °C (a 0.5

mL,b1mL,c2mL,d3mL, e4mL)

a period of 45 to 60 days. As previously reported by Serdar
and Giil Kiling [46] and S6kmen et al. [45], the nanoparti-
cles remained stable throughout this storage period. In sup-
port of these findings, previous studies have demonstrated
that AgNPs can be synthesized at room temperature using

@ Springer

green tea and black tea extracts [3, 58], while gold nanopar-
ticles have also been successfully produced under similar
ambient conditions [59, 60].

In our previous study, effective extraction conditions
for tea samples were reported. In that study, an aqueous
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citric acid solution was used as the extraction solvent in
the MAE method, resulting in an extract with high phe-
nolic content, particularly rich in catechins [61]. As stated
in our previous works [45, 46], the presence of citric acid
in the extraction medium also has a positive effect on the
stabilization of nanoparticles. Therefore, in the present
study, a citric acid—water solution was also used for the
synthesis of nanoparticles.

Structural Analysis

The successful synthesis of AgNPs and AuNPs was validated
through a comprehensive set of characterization techniques,
including TEM, DLS, XRD, UV-Vis spectroscopy, and zeta
potential analysis. The morphological features and structural
formation of AgNPs and AuNPs are distinctly depicted in the
TEM micrographs shown in Figs. 8 and 9, respectively.

Fig.8 a TEM images of Ag
nanoparticles synthesized with
1 mM AgNO; and 0.5 mL cat-
echin extract at 25 °C. b TEM
distribution histogram
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Fig.9 a TEM images of Au
nanoparticles synthesized with
0.5 mM HAuCl,.3H,0 and 0.5
mL catechin extract at 25 °C. b
TEM distribution histogram
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Fig. 11 FT-IR analysis spectrum of Au nanoparticles produced with
0.5 mM HAuCl,.3H,0 and 0.5 mL catechin extract at 25 °C

The particle size distribution histogram obtained from
TEM analysis (Fig. 8) indicates that the average diameter
of the synthesized AgNPs is 19.504 +5.525 nm, with sizes
ranging between 10.284 and 33.603 nm. Similarly, the his-
togram presented in Fig. 9 reveals that the average size of
the AuNPs is 20.064 +5.375 nm, with particle sizes ranging
from 11.748 to 34.705 nm. The TEM images shown in Fig. 8
and 9 confirm the successful synthesis of both AgNPs and
AuNPs. Moreover, the observed nanoparticle morphologies
are consistent with the SPR bands obtained from UV-Vis
spectroscopic analysis. This morphological consistency
highlights a strong correlation between particle shape and
optical properties. Furthermore, the findings presented in
Figs. 14 and 15 align well with existing literature, reinforc-
ing the credibility of the analysis [3, 45, 46, 62].
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Fig. 13 XRD analysis result of Au nanoparticles synthesized with 0.5
mM HAuCl,.3H,0 and 0.5 mL catechin extract at 25°C (diffraction
peaks 20 =38.16°, 44.32°, 64.60°, 77.57°, and 81.61°), respectively)

The FTIR spectra presented in Figs. 10 and 11 provide
important information about the presence of phenolic com-
pounds on the surface of AgNPs and AuNPs synthesized
from catechin extracts prepared by the SFE method at 25
°C. These spectra indicate the presence of phenolic carbonyl
groups on the nanoparticle surfaces [45]. It is believed that
these compounds were formed as a result of the oxidation
of phenolic substances such as catechins during the reduc-
tion of silver and gold ions [45, 46]. We can understand the
functional groups responsible for the reduction of Ag*! to
Ag® and Au*? to Au® and the stabilization of the resulting
silver and gold nanoparticles from the FTIR spectral analysis
spectra of the relevant nanoparticles.

Fig. 12 XRD analysis result of
Ag nanoparticles synthesized
with 1 mM AgNO; and 0.5
mL catechin extract at 25 °C 6400
(diffraction peaks 20 =38.19°, \
44.30°, 64.56°, 77.41°, and
81.92°, respectively)
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The presence of the characteristic diffraction peaks of Ag
and Au observed in the XRD patterns aligns well with the
standard reference data from the Joint Committee on Powder
Diffraction Standards (JCPDS), corresponding to card num-
bers JCPDS: 04-0783 for metallic silver and JCPDS: 04-0784
for metallic gold. All diffraction patterns exhibit prominent
peaks along the (111) crystallographic plane, indicating pref-
erential crystal growth in this orientation for both AgNPs and
AuNPs. Based on the Debye—Scherrer equation, the average
crystallite size of the synthesized AgNPs was calculated to
be 18.82 nm (Fig. 12), which is consistent with previously
reported values in the literature [3, 45, 63]. Similarly, the gold
nanoparticles displayed a crystalline structure, and their aver-
age crystallite size was estimated as 14.31 nm using the same
equation (Fig. 13). This result is also in good agreement with
earlier findings reported by Serdar and Giil Kiling [46], Ghosh
et al. [59], Geraldes et al. [60], and Jia et al. [64].

Figure 14a and b presents the characterization results
of silver nanoparticles synthesized at 25 °C in an aqueous
medium, revealing an average particle size of 37.61 +1.246
nm, a zeta potential of —20.4 +£0.289 mV, and PDI of 0.271
+0.006.

As shown in Fig. 15a and b, gold nanoparticles synthe-
sized at 25 °C in an aqueous medium exhibited an average
particle size of 37.9 +£0.2627 nm, a zeta potential of —22.6
+0.635 mV, and PDI of 0.295 +0.004. Moreover, the char-
acterization results presented in Figs. 14 and 15 were found
to be in good agreement with previously reported findings
in the literature [44, 60, 63].

XRD analysis confirmed the crystalline structure of
the synthesized AgNPs and AuNPs, with average crys-
tallite sizes of approximately 18.82 nm and 14.31 nm,
respectively (Figs. 12 and 13). However, particle size
characterization by TEM revealed broader size distribu-
tions for both nanoparticle types. As shown in Figs. 8 and
9, the average particle sizes were measured to be 19.504
+5.525 nm for AgNPs (ranging from 10.284 to 33.603
nm) and 20.06 +5.38 nm for AuNPs (ranging from 11.75
nm to 34.71 nm), indicating a degree of polydispersity
in both samples. Further analysis using DLS provided
insight into the hydrodynamic behavior of the nanopar-
ticles in aqueous media at 25 °C. The average hydro-
dynamic diameter was found to be 37.61 + 1.246 nm
for AgNPs (Fig. 14a-b) and 37.9 +0.26 nm for AuNPs
(Fig. 15a-b). Zeta potential measurements revealed val-
ues of —20.4 +0.289 mV for AgNPs and -22.6 +0.64
mV for AuNPs, suggesting moderate colloidal stability
in both cases. The PDI values were calculated as 0.271
+0.006 for AgNPs and 0.295 +0.004 for AuNPs, reflect-
ing relatively narrow size distributions and acceptable
uniformity for potential nanotechnological applications.
The sequential increase observed from the crystallite
sizes of AgNPs and AuNPs determined by XRD, to their

physical dimensions observed via TEM, and finally to
their hydrodynamic diameters measured by DLS, demon-
strates the necessity of employing multiple, complemen-
tary characterization techniques to achieve a comprehen-
sive understanding of the morphology and environmental
behavior of AgNPs and AuNPs. These findings are also
consistent with the relevant literature [45, 46].

Antioxidant Activity of AGNPs and AuNPs

The antioxidant activity of the synthesized materials was
evaluated using the DPPH (2,2-diphenyl-1-picrylhydra-
zyl) assay, which measures radical scavenging based on
the ability of compounds to donate hydrogen atoms and
neutralize DPPH free radicals, leading to a measurable
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Fig. 14 a Zeta potential and b size distribution of Ag nanoparticles
synthesized with 1 mM AgNOj; and 0.5 mL catechin extract at 25 °C
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decrease in absorbance [65]. In this test, antioxidative
capacities of AgNPs and AuNPs were determined by
their free radical scavenging potentials (SCA, % 1) and
IC;, values, all of which are given in Table 1 and also
Fig. 16.

In the conducted DPPH assay, the IC5, values of the
tested samples were found to range between 1.151 and 1.485
mg/mL. The DPPH radical, a stable free radical compound,
is widely employed to evaluate the radical scavenging activ-
ity of nanoparticles due to its sensitivity and simplicity.

Notably, at 0.91 mg/mL, AgNPs and 2.677 mg/mL,
AuNPs demonstrate greater antioxidant activity of 89.24%
and 70.46%, respectively. Standard Trolox, on the other
hand, showed 91.19% inhibition at 0.012 mg/mL. The
ICs, value of green-synthesized AgNPs, AuNPs and the
trolox (standard) were 1.151, 1.485, and 0.006, respec-
tively (Table 1). The results clearly demonstrate that
Trolox exhibits remarkably high antioxidant activity even
at very low concentrations. This reflects the high potency
of Trolox as a pure antioxidant compound (91.19% inhibi-
tion at 0.012 mg/mL; IC545 =0.006). In contrast, AgNPs
and AuNPs show slightly lower antioxidant activity even
at higher concentrations compared to Trolox. However,

Fig. 15 a Zeta potential and b
size distribution of Au nano- 400000 a

AgNPs, in particular, exhibited a relatively high inhibi-
tion rate of 89.24% at 0.91 mg/mL and showed a more
effective profile than AuNPs with an IC;5 value of 1.151.
AuNPs, on the other hand, demonstrated 70.46% inhibition
at a higher concentration of 2.677 mg/mL, with an ICz,
value of 1.485, indicating that their antioxidant activity is
lower compared to AgNPs. The higher antioxidant activ-
ity of AgNPs is attributed to their surface chemistry and
the coating structure formed with catechins and other phe-
nolic compounds, which facilitate a more effective transfer
of electrons or hydrogen atoms to DPPH radicals. These
interactions result in the formation of more active sites on
the surface of AgNPs, enabling enhanced neutralization
of free radicals [65]. Furthermore, the smaller size and
higher surface-to-volume ratio of AgNPs are additional
factors that contribute to their antioxidant effect. This
can be explained by the fact that catechins provide a more
effective coating and stabilization while reducing silver
ions [65, 66]. In conclusion, in our study, AgNPs exhibited
higher antioxidant activity than AuNPs due to their high
surface reactivity, more effective catechin coating, and the
easier interaction of surface functional groups with radicals
such as DPPH.
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Table 1 DPPH radical
scavenging activity of
biosynthesized silver

Sample

Concentration in
mg/mL

Scavenging activity in %

ICs value in mg/mL

nanoparticles (AgNPs), gold Biosynthesized silver 0.113 21.70 £13.9 1151 £0.29
nanoparticles (AuNPs), and nanoparticles (Ag-NPs) (227 3262 £30.5
Trolox (standard) ’ T
0.455 57.50 £13.4
0.91 89.24 +£7.05
Biosynthesized gold 0.334 5236 +£3.64 1.485+0.23
nanoparticles (Au-NPs) () gg9 19.00 +1.09
1.338 38.07 £3.28
2.677 70.46 +£5.57
Trolox (standard) 0.001 15.03 £5.45 0.006 +0.001
0.003 42.46 +10.2
0.006 51.94 +£9.10
0.012 91.19 +£2.64

.‘

10 ggreen tea leaves=200
mL of a 0.1 M citric acid-
water solution (1:1v/v)for
90 min in a shaker.

Characterization

)
B e=] N
et

Catachin extract solution Catechinextract  Catechin extract
Centrifugation,100005pm.1 Smin. (2t4)(0.5-1,23 4 mL) solution (2w/v) (
Yv-Vis. FTIR, +100mL 0.5 mM 0.5-1,234ml)~
T.E'\L‘ i HAuCl:.3H20 scueous IOQImL 1 mM
e solutions. Ag 0 aqueous
AuNPs solutions.

Fig. 16 1Cj, values of the biosynthesized AgNPs, AuNPs, and Trolox

Discussion and Conclusion

The SPR absorption peaks presented in Figs. 2, 3, 4, 5,
6, and 7 were recorded at temperatures of 25, 35, and 45
°C using varying volumes (0.5-4 mL) of aqueous extract
solutions under magnetic stirring. UV-Vis spectrophoto-
metric analyses were conducted at time intervals ranging
from 1 to 240 min for AgNPs and from 1 to 60 min for
AuNPs. The effects of temperature and extract volume
on the synthesis of AgNPs and AuNPs were evaluated.
The most intense and narrow SPR absorption peaks for

Laboratory microwavea oven, 80 °C, 4
min., 600 Wmicrowava powar

| -
s

SFE extraction, 250 bar, 60°C
and 3h., 0.5 mL/minathanol

!
-8

Lvovhilizer

both nanoparticle types were observed at 25 °C. Among
the tested synthesis temperatures (25 °C, 35 °C, and 45
°C), 25 °C was found to be the optimal condition for
both AgNPs and AuNPs, as evidenced by the narrower
and more intense SPR peaks observed at this tempera-
ture. Nanoparticle synthesis carried out at 25 °C proceeds
through a kinetically controlled mechanism, contribut-
ing to the formation of smaller, more uniform, and more
stable nanoparticles. This is evidenced by the narrow
SPR peaks observed and ensures high performance and
reliability in biomedical and optical applications. The
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successful synthesis of AgNPs and AuNPs was confirmed
by a comprehensive set of characterization techniques,
including UV-Vis spectroscopy, TEM, DLS, FT-IR, and
XRD. Although their antioxidant activity was slightly
lower than that of the synthetic antioxidant Trolox, the
green-synthesized AgNPs and AuNPs exhibited consid-
erable free radical scavenging capacity, demonstrating
their potential as effective antioxidant agents. Green-syn-
thesized nanoparticles represent eco-friendly and sustain-
able alternatives to conventional antioxidants, offering
considerable advantages due to their biocompatibility. In
summary, this study successfully demonstrated the green
synthesis of AgNPs and AuNPs using catechin extracts
obtained through SFE at 25 °C. The results confirm that
SFE-derived catechins function effectively as both reduc-
ing and stabilizing agents. Overall, the findings highlight
the potential of this environmentally benign method for the
sustainable production of metal nanoparticles with signifi-
cant applicability in biomedical and pharmaceutical fields.
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